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I
ntrauterine growth restriction (IUGR) is a common pregnancy complication that increases the risk for perinatal complications (1) and predisposes to metabolic and cardiovascular disease later in life (2) (3) (4) . A lack of normal increase in utero-placental blood flow, as a result of inadequate trophoblast invasion, resulting in "placental insufficiency," is believed to be the most common cause of IUGR (5) in developed countries (6) . However, the molecular mechanisms underpinning the development of IUGR remain poorly understood, no specific treatment is available, and clinically useful biomarkers for early detection are lacking.
Insulin-like growth factor (IGF)-binding protein 1 (IGFBP-1) is the predominant IGFBP that determines IGF-I bioavailability during pregnancy (7) . Phosphorylation of IGFBP-1 at three serine residues (Ser101, Ser119, and Ser169) is known to increase markedly its affinity for binding IGF-I, thus affecting the ability of IGF-I to interact with the IGF receptor (8) . In the fetus, the liver is the primary source of circulating IGFBP-1 (9) . Human IUGR is associated with increased IGFBP-1 levels and IGFBP-1 hyperphosphorylation in umbilical cord plasma (10, 11) . Placental insufficiency is believed to result in decreased fetal oxygen and nutrient availability, ultimately leading to IUGR.
Based on our previous studies in cultured HepG2 cells and primary fetal baboon hepatocytes, as well as liver tissue from IUGR fetal baboons, we have identified inhibition of mechanistic target of rapamycin (mTOR) signaling and activation of the amino acid response (AAR) pathway as the molecular mechanisms linking hypoxia and decreased amino availability to increased fetal liver IGFBP-1 secretion and phosphorylation (11) (12) (13) . Moreover, we demonstrated that casein kinase-2 (CK2) constitutes the key kinase, regulated by mTOR and AAR, responsible for IGFBP-1 serine phosphorylation (11, 14, 15) .
The decidua synthesizes and secretes IGFBP-1 locally in the maternal-fetal interface, where it regulates the actions of IGF-I, which is known to promote trophoblast invasion and placental function (16) . The decidua is also believed to be the primary source of IGFBP-1 in the maternal circulation (17) (18) (19) in pregnancy, thereby regulating the bioavailability of maternal IGF-I, a wellestablished, positive regulator of placental function and growth (20, 21) . A lack of normal increase in uteroplacental blood flow in IUGR may limit oxygen and nutrient delivery to the decidua (5) . With the use of cultured human immortalized endometrial stromal cells (HIESCs), decidualized in vitro, we recently demonstrated that hypoxia and leucine deprivation markedly increased IGFBP-1 phosphorylation and decreased IGF-I bioactivity (22) . These observations are consistent with the possibility that IGFBP-1 phosphorylation constitutes a link between decreased decidual oxygen and nutrient availability and reduced fetal growth, mediated by diminished IGF-I bioavailability, resulting in inhibition of trophoblast invasion and placental function.
The molecular mechanisms regulating decidual IGFBP-1 secretion and phosphorylation are largely unknown, and it remains to be established if IGFBP-1 in the maternal circulation shows increased phosphorylation in IUGR. Prenatal identification of babies who are IUGR significantly improves their perinatal outcomes compared with diagnosis at birth (23) . In light of these findings, the identification of biomarkers for IUGR in early pregnancy could improve the clinical management of these patients by allowing early intervention, preventing some of the perinatal complications associated with this condition (24, 25) . However, recent systematic reviews and meta-analyses suggest that none of the currently available biomarkers predict IUGR with sufficient sensitivity to be used in routine clinical practice (26) (27) (28) .
In the current study, we tested the hypothesis that human IUGR is associated with inhibition of mTOR, activation of AAR signaling, increased CK2 activity, and increased IGFBP-1 levels and phosphorylation in decidua and that maternal plasma IGFBP-1 hyperphosphorylation in the first trimester predicts later development of IUGR. To address this hypothesis, in this observational study at an academic center, we obtained decidua and maternal plasma at delivery from two different cohorts and maternal plasma in the late first trimester from a third cohort of women who later delivered an appropriate-for-gestational age (AGA)/ IUGR infant.
Materials and Methods

Study subjects
Pregnant women were recruited at the London Health Sciences Centre (LHSC; London ON, Canada) after obtaining signed, informed consent under the approval of the Western University Research Ethics Board (#518). Women delivering a singleton AGA infant after an uneventful pregnancy or an IUGR infant by vaginal or caesarean section were included for collection of maternal plasma and placenta at delivery from two separate cohorts. The Neonatal Intensive Care Unit database at LHSC was used to obtain infant and maternal data. Exclusion criteria included pregnancies complicated by smoking, drug abuse, malnutrition, diabetes, thyroid disorders, chronic hypertensive disorders, pre-eclampsia, premature rupture of membranes, placental abruption, fetal congenital and genetic abnormalities, and chorioamnionitis (29, 30) .
IUGR was defined as a birth weight less than the fifth percentile using sex-specific growth charts (31) . All IUGR cases included in the study, except for one (fifth percentile), were less than the third percentile. Given the conservative birth weight cut-off for inclusion in the IUGR groups and because many of these fetuses had abnormal uterine or umbilical Doppler, the number of constitutionally small infants was likely to be low. Control subjects were pregnant women free of obstetrical complications and delivering an infant with a birth weight AGA between the 10th and 90th percentiles for corresponding gestational age (GA), using sex-specific growth charts. GA was determined by the last menstrual period and confirmed by firsttrimester ultrasound crown-rump length.
Maternal plasma
Maternal blood samples were collected in EDTA-coated tubes at the time of delivery. Blood was centrifuged at 3500 g for 15 minutes at 4°C, and the supernatant containing plasma was saved for subsequent analysis at 280°C. In addition, maternal plasma samples were obtained in the first trimester from a group of women in the Baby Blanket Cohort, a biorepository of 1128 women who presented for prenatal care at or before 23 weeks' gestation and planned to deliver their baby at the University of Colorado Hospital (Aurora, CO) between 2011 and 2013 (32) . This prospective cohort study was approved by the Colorado Multiple Institutional Review Board. Plasma samples were aliquoted and stored at 280°C in a Biorepository at the University of Colorado Hospital. Details of the cohort have been previously described (33) . We selected four women from this cohort who delivered an IUGR infant (birth weight less than or equal to the fourth percentile) at term ($37 + 0 weeks of gestation) without other pregnancy complications and from which a maternal blood sample collected at 7 to 9 weeks of gestation was available. Subsequently, we selected study subjects (n = 3) who delivered closest in time (before or after) to the IUGR case that met the following criteria: AGA (birth weight 10th to 90th percentile), term uncomplicated delivery, same infant sex, and an available maternal blood sample collected at 7 to 9 weeks of gestation.
Tissue collection
Placentas were collected at LHSC immediately after delivery. Based on a review of the pathological reports (undertaken at LHSC), all of the placentas were negative for signs of infection and also contained no major infarcts. The decidua was identified as the superficial layer on the maternal-facing side of the placenta. The decidual samples (2 to 3 g) from AGA and IUGR (n = 16 each) were excised from intact placenta, snap frozen in liquid nitrogen, and kept in 280°C for long-term storage. Dissected frozen tissues pieces of the decidua (;0.2 g each) were homogenized at 4°C in lysis buffer containing protease and phosphatase inhibitors (Cell Signaling Technology, Danvers, MA; Sigma-Aldrich, St. Louis, MO). Subsequently, the homogenates were centrifuged, and the clear supernatant was stored at 280°C. Protein content in the plasma and supernatants from placental extracts was measured by the Bradford reagent (BioRad Laboratories, Burlington, ON, Canada) using BSA as standard. Tissue extracts were frozen in liquid nitrogen and stored at 280°C.
Preparation of tissue sections
Tissue sections from placentas collected at LHSC were prepared for immunofluorescence and proximity ligation assay (PLA). Full-thickness blocks were obtained from placentas collected immediately after delivery. All tissues were sectioned serially (5 mm; Biotron Integrated Microscopy Laboratory, University of Western Ontario, London, ON, Canada) and mounted on pretreated slides (Superfrost Plus; Fisher Scientific, Fairlawn, NJ). The selection of regions within each block of the placenta was based on the criteria that ensured incorporation of all levels/regions from the chorionic plate to basal plate. GAmatched AGA and IUGR placenta tissues were placed side by side on a slide. A stratified random sampling procedure was used. Tissue on the maternal-facing side of the placenta was selected to ensure the inclusion of basal plate decidual (BPD) tissue, as confirmed based on morphology assessed by hemotoxylin and eosin staining.
Western blotting
Western blotting was used to determine total and phosphorylated IGFBP-1 in decidua and plasma samples. Equal aliquots of decidual tissue extracts (50 mg total protein) or plasma (10 mL) were run on SDS-PAGE, and the proteins were transferred to the nitrocellulose membrane by electrophoresis. The membranes were blocked with 5% BSA or 5% nonfat skim milk for 1 hour at room temperature. For total IGFBP-1, the membranes were probed with anti-human IGFBP-1 monoclonal antibody (mAb; 6303; 1:10,000; Medix Biochemica, Kauniainen, Finland). For phosphorylated IGFBP-1, custom-made polyclonal antibodies (anti-phospho-IGFBP-1 Ser101, Ser119, and Ser169; 1:1000; generated at YenZyme Antibodies LLC, San Francisco, CA), which we have extensively validated (8, 11) , were used.
The activity of mTOR complex 1 and 2 (mTORC1 and mTORC2) was determined using Western blot and phospho-4E-binding protein 1 [4EBP1; (Thr70)] and -protein kinase B [Akt; (Ser473)] antibodies, respectively. The blots were stripped and reprobed using total 4EBP1 and total Akt, followed by stripping and reprobing using b-actin (1:3000) for normalization. Likewise, the activity of AAR signaling was assessed using antibodies targeting phospho-eukaryotic translation initiation factor 2A [eIF2a; (Ser51)] and -general control nonderepressible 2 [GCN2; (Thr898)] and activating transcription factor 4 (ATF4), followed by stripping and reprobing with total eIF2a, total GCN2, and finally, b-actin to control for uneven loading and transfer. The corresponding bands were detected using the Clarity Western ECL Chemiluminescence substrate reagent, and the images were captured using the Quantity One-VersaDoc (BioRad Laboratories) imaging system; the band intensities were determined using densitometry and Image Laboratory (Beta 3) software (BioRad Laboratories). The AGA group was arbitrarily assigned a value of 100 to facilitate comparisons between groups. Primary antibodies were all from Cell Signaling Technology and used at a dilution of 1:1000. Peroxidase-labeled goat anti-mouse or goat antirabbit was used as secondary antibodies (1:10,000; BioRad Laboratories).
Determination of CK2 activity
The CK2 substrate peptide RRRDDDSDDD (100 mM) was used to measure CK2 activity, as described previously (14, 15, 22, 34) .
Dual immunofluorescence
Fixed sections of placental tissues from GA-matched IUGR and AGA pregnancies on the same slides were deparaffinized in xylene, rehydrated through a graded ethanol series, and then washed three times in PBS. Tissue samples were then encircled with a hydrophobic pen (Dako, Agilent Technologies, Santa Clara, CA), and all subsequent incubations were done in a humidified chamber at room temperature. The tissues were treated using Biocare Background Sniper (Biocare Medical, Concord, CA) for 10 minutes to reduce nonspecific binding. After a PBS wash, the tissues were incubated with paired primary antibodies (mAb IGFBP-1 6303 + rabbit polyclonal CK2b). The dilutions for the primary antibodies were 1:2500 for IGFBP-1 and 1:1000 for CK2b. The tissues were then washed 3 3 5 minutes each with PBS. Combinations of secondary antibodies, anti-rabbit Alexa 568 (pseudo red, IGFBP-1), and anti-mouse Alexa 660 (pseudo green, CK2, 1:400) were added to the tissues for 1 hour and subsequently washed in PBS (3 3 5 minutes). The tissues were then counterstained with 4 0 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI; 1:200 dilution; Life Technologies, Burlington, ON, Canada) for 2 minutes. Subsequently, coverslips were mounted onto the microscope slides (Fisher Scientific) with 60 mL Prolong Diamond Mounting Media (Life Technologies) and dried overnight before imaging. The intensity of fluorescence was measured by Image-Pro Premier software (Media Cybernetics, Rockville, MD).
PLA
Fixed sections of placental tissues from GA-matched IUGR and AGA pregnancies on the same slide were used. After 3 3 5 minutes of PBS washes, tissues were treated with Duolink blocking solution (Sigma-Aldrich) for 30 minutes at 37°C and then probed with a specific combination of primary antibodies for 1 hour at room temperature [mouse IGFBP-1 mAb 6303 (1:2500) and rabbit polyclonal CK2b (1:1000)]. The PLA reaction was performed using PLA secondary probes diluted 1:5 in Duolink antibody diluent (SigmaAldrich) and incubated for 1 hour. The PLA secondary probes used were Duolink ® PLA ® Anti-Rabbit Plus and AntiMouse Minus. Subsequent ligation and amplification were performed using reagents and the manufacturer's instructions and as we described in detail earlier (15) . Coverslips were mounted (Sigma-Aldrich) in Duolink mounting media containing DAPI counterstain.
Image standardization and acquisition
Images from dual-stained placenta sections or PLA were captured using an AxioImager Z1 Epifluorescent Microscope and Zen Pro software (Carl Zeiss Canada Ltd., Toronto, ON, Canada). The fluorescent lamp was preheated for 15 minutes before imaging to stabilize lamp intensity. Camera settings were then adjusted to avoid saturation and autofluorescent background and consistently applied at the same settings for all imaging. A constant exposure time was selected using a reference tissue field while checking for fluorescence saturation to avoid background immunofluorescence. After we fixed all acquisition parameters, we then captured representative images that allowed coverage of large areas for each placenta, which subsequently provided an adequately large number of cells/image to represent our results and minimize bias. At 203 magnification, regions were randomly selected per slide for each sample. For PLA imaging, z-stack images were captured and converted to extended depth-of-focus tagged image file format images to allow visualization of all PLA spots. We visually compared the relative dual immunofluorescence and PLA signals in AGA and IUGR placental tissues.
Immunoprecipitation IGFBP-1 from maternal plasma from IUGR and AGA pregnancies (50 to 100 mL) was enriched using 
MRM-MS analyses of IGFBP-1 phosphopeptides in maternal plasma
In-solution digestion of the IP samples of IGFBP-1 from maternal plasma at delivery from IUGR and GA-matched AGA were performed, as previously described (13) . In brief, the protein sample was first digested using endoproteinase Asp-N incubated overnight at 37°C (Roche Diagnostics, Laval, QC, Canada) and followed by a digestion using trypsin (Roche Diagnostics) overnight at 37°C following the manufacturer's instruction. IGFBP-1 digests were subsequently analyzed by liquid chromatography-tandem mass spectrometry with a triple-quadruple mass spectrometer (4000 QTrap; AB Sciex, Concord, ON, Canada) using methods that we previously optimized for the detection of site-specific IGFBP-1 phosphorylation (13, 14) . A NanoAcquity Ultra Performance Liquid Chromatography system (Waters, Milford, MA), equipped with a C18 analytical column (1.7 mm, 75 mm 3 200 mm), was used to separate the peptides at a flow rate of 300 nL/min and operating pressure of 8000 psi. Digested IGFBP-1 peptides were electrosprayed into the mass spectrometer, which monitored 98 transitions per sample with a dwelling time of 50 ms/transition. Relative changes in IGFBP-1 phosphorylation were determined by the total peak height of combined transitions. An internal IGFBP-1 peptide (NH 2 -ALPGEQQPLHALTR-COOH) was used to normalize all phospho-IGFBP-1 data.
Data presentation and statistics
Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA). Data are presented as means 6 SEM. Unpaired t test was used to compare IUGR with AGA, and P , 0.05 was considered significant.
Results
Characteristics of study subjects
Clinical information for study subjects (n = 16 each for AGA and IUGR) who donated decidual tissues at delivery is provided in Table 1 . Maternal age, maternal height, and GA did not differ between the two groups. By design, birth weights of IUGR infants were 30% (P = 0.023) lower than birth weights of AGA infants. The placental weights were also significantly decreased (234%, P = 0.001) in the IUGR group compared with AGA. Blood gas analyses showed a significant reduction in umbilical artery Po 2 in the IUGR group, consistent with fetal hypoxemia, as a result of placental insufficiency.
Selected clinical data for participants in the AGA and IUGR groups (n = 13 each) who had blood sampling at delivery are presented in Table 2 . As was the case for the decidual sampling, maternal age, height, and GA did not differ between IUGR and AGA groups. Birth weights (238%, P = 0.001) and placental weights (232%, P = 0.01) were significantly lower in the IUGR compared with the AGA group. Both umbilical arterial and venous Po 2 were significantly lower in the IUGR group, indicating fetal hypoxemia. Moreover, umbilical venous Pco 2 was significantly elevated in the IUGR compared with the AGA group.
In addition, clinical data for women in the Baby Blanket Cohort, who delivered an IUGR or AGA baby at term and from which first-trimester plasma samples were used, are presented in Table 3 . All IUGR infants in this sample had a birth weight less than or equal to the fourth percentile and had significantly lower ponderal indices than the AGA controls (P = 0.0013), strongly suggesting asymmetric IUGR associated with placental insufficiency.
Increased expression and phosphorylation of IGFBP-1 in IUGR decidual tissues
Western blots were used to determine the protein expression of total IGFBP-1 and the phosphorylation of IGFBP-1 at three specific serine sites (Ser101, Ser119, and Ser169). Figure 1(A) demonstrates that total IGFBP-1 expression was higher (+164%, P = 0.026) in IUGR than in AGA decidua. With the use of custom-made, sitespecific IGFBP-1 antibodies, we show a marked increase in the phosphorylation of Ser101 [+1142%, P = 0.0001; Fig. 1(B) ], Ser119 [+1579%, P = 0.0001; Fig.  1(C) ], and Ser169 [+1661%, P = 0.0001; Fig. 1(D) ] in IUGR compared with AGA decidual samples. 
Inhibition of decidual mTORC1 and mTORC2 signaling in IUGR
We determined the activity mTORC1 and mTORC2 signaling pathways using phosphorylated mTORC1 and mTORC2 targets as well-established functional readouts. Phosphorylation of 4EBP1 at Thr70 (mTORC1 readout) was significantly reduced in IUGR (285%, P = 0.0001) vs AGA samples. Moreover, phosphorylation of Akt at Ser473 (mTORC2 readout) was also significantly reduced in IUGR (262%, P = 0.006) vs AGA samples.
Activation of decidual AAR signaling in IUGR
Western blot was used to explore the activity of the decidual AAR pathway in IUGR samples by measuring peIF2a (phosphorylation at Ser51), GCN2 phosphorylation at Thr898, and the expression of ATF4 as functional readouts of the AAR pathway. Phosphorylation of eIF2a was markedly increased in IUGR decidua (+202%, P = 0.0001) vs AGA samples. Likewise, the phosphorylation of GCN2 was increased in IUGR decidua (+210%, P = 0.0001). Total ATF4 expression was also significantly higher in IUGR (+211%, P = 0.0001) compared with AGA decidua.
Increased decidual CK2 expression and activity in IUGR
Western blot was used to determine protein expression of CK2a and -b subunits in IUGR and AGA decidua. The data greater in IUGR (+141%, P = 0.001) vs AGA decidua. Furthermore, endogenous CK2 activity, determined in the same decidua extracts collected from AGA and IUGR pregnancies using the CK2 substrate peptide RRRDDDSDDD (35) , demonstrated that IUGR was associated with a markedly increased decidual CK2 activity in IUGR (+379%, P = 0.0001) vs AGA samples [ Fig. 2(C) ]. 
Cellular colocalization of CK2 with IGFBP-1 in IUGR decidual tissues
To provide support for a link between an increase in CK2 expression and IGFBP-1 hyperphosphorylation, we performed confocal microscopy with dual immunofluorescence images of placental tissue using IGFBP-1 mAb 6303 (pseudo red) and rabbit polyclonal CK2b (pseudo green) antibodies [ Fig. 3(A)-3(H) ]. We observed that IGFBP-1 was predominantly present in the decidual region [right side; Fig. 3 (A) and 3(E)], whereas CK2 appeared to be widely expressed also in cells outside the decidua, including the trophoblast and endothelial cells of chorionic villi [left side of the image; Fig. 3 Fig. 3(C) and 3(G) ]. This finding is consistent with immunoblotting using decidual homogenates, demonstrating both increased IGFBP-1 [ Fig  1(A) ] and CK2 expression [ Fig. 2(A) and 2(B) ] in IUGR tissue, providing further evidence that CK2 can phosphorylate decidual IGFBP-1.
Proximity of IGFBP-1 and CK2b proteins in IUGR decidua
To explore further CK2 and IGFBP-1 interaction in the AGA and IUGR decidua, we used PLA. z-Stack extended-focus PLA images [ Fig. 4 (C) and 4(D)] were analyzed for positive PLA interactions using Image-Pro Premier software. In the multichannel images, positive interactions appear as pure red [enhanced for visibility, shown with dotted box; Fig. 4(A) and 4(B) ], whereas 
IGFBP-1 is elevated and highly phosphorylated in maternal plasma at delivery in IUGR
The level of total IGFBP-1 and IGFBP-1 phosphorylation in maternal plasma at delivery from IUGR and AGA pregnancies was examined by Western blot. The data in Fig. 5(A) show that total IGFBP-1 in maternal plasma was elevated in IUGR pregnancies at delivery (+52%, P = 0.035) compared with AGA pregnancies. Relative IGFBP-1 phosphorylation levels in maternal plasma are shown in Fig. 5 
pSer174 is a site that is hyperphosphorylated in combination with pSer169 in IUGR pregnancies
We used targeted MRM-MS (36) as an independent quantitative approach to identify any IGFBP-1 sites in maternal plasma that may be phosphorylated in IUGR. For MRM-MS analysis, we used maternal plasma collected from IUGR and GA-matched AGA, both collected at delivery at 27-week gestation pregnancy [ Fig. 6 (A) and 6(B)]. The extracted ion chromatographs are shown with the transitions used to validate the phosphorylation at Ser169 + newly identified Ser174 in a doubly phosphorylated peptide (n = 4 technical replicates). Each individual peak represents unique peptide fragment ions (peptide transitions) that were specific to the phosphorylated Ser169 + Ser174 sites on the peptide. A histogram showing relative phosphorylation of IGFBP-1 in AGA and IUGR pregnancies revealed that the doubly phosphorylated peptide (pSer169 + pSer174) was eluted at an earlier retention time of 26.9 minutes [ Fig. 6(A) ], indicating the high acidity of the peptide as a result of markedly higher phosphorylation. IGFBP-1 in plasma was prominently dually phosphorylated at Ser169 and Ser174 [pSer169 + Ser174; Fig. 6(B) ].
Interestingly, MRM-MS-based quantitative analysis showed that the phosphorylation level of the doubly phosphorylated peptide was significantly elevated (+3058%, P = 0.0001) in the IUGR sample [ Fig. 6(B) ] relative to GA-matched AGA. The markedly higher level of dual phosphorylation at Ser169 + Ser174, detected by MRM-MS, could not be detected using immunoblot data, mainly as a result of the lack of availability of a specific antibody targeting Ser174 or the dual phosphopeptide (Ser169 + 174). Overall, with the performance of MRM-MS, we discovered a site pSer174 and dual IGFBP-1 phosphorylation, where pSer174, in combination with pSer169, was hyperphosphorylated uniquely in IUGR. These data provide the basis to explore further the possibility of dual phosphorylation at Ser169 + 174 in prediction of IUGR.
Plasma IGFBP-1 is elevated and highly phosphorylated in the first trimester in women delivering IUGR infants at term
We examined maternal plasma collected from women in the late first trimester who later delivered an IUGR or an AGA infant at term. Total IGFBP-1 [+50%, P = 0.004; Fig. 7(A) ] and IGFBP-1 phosphorylation at Ser101 [+137%, P = 0.019; Fig. 7(B) ], Ser119 [+ 849%, P = 0.018; Fig. 7(C) ], and Ser169 [+ 397%, P = 0.004; Fig. 7(D) ] was markedly elevated in first-trimester plasma of mothers who later delivered IUGR infants compared with women delivering AGA infants.
Discussion
We show that IGFBP-1 is hyperphosphorylated at specific serine residues in the IUGR decidua. We have previously reported that inhibition of mTOR, activation of AAR signaling, and increased CK2 activity are mechanistically linked to increased IGFBP-1 phosphorylation in the fetal liver (11) (12) (13) (14) . Our current finding of mTOR inhibition, AAR, and CK2 activation in the IUGR decidua is consistent with our previous findings and therefore, suggest that the mechanisms underpinning decidual IGFBP-1 hyperphosphorylation in IUGR are similar. Moreover, we show that maternal plasma IGFBP-1 is hyperphosphorylated at delivery in pregnancies complicated by IUGR. Importantly, maternal plasma IGFBP-1 is hyperphosphorylated at specific serine residues in first trimester in women who later delivered IUGR infants, consistent with the possibility that hyperphosphorylation of maternal IGFBP-1 may serve as an early biomarker of IUGR. Increased phosphorylation of IGFBP-1 at specific serine residues limits IGF-I bioavailability (8) necessary for trophoblast invasion, placental function, and fetal growth (16, 20) . Our data provide strong support for our hypothesis that the decidua functions as a nutrient sensor across gestationlinking limited oxygen and nutrient availability to increased secretion and phosphorylation of IGFBP-1, representing a mechanism for regulating fetal growth (Fig. 8) .
Early decidual formation requires progesterone stimulation, which promotes stromal differentiation and inhibits decidual apoptosis, resulting in upregulation of IGFBP-1 expression (19, 37) . Decidua-derived IGFBP-1 controls invasion and proliferation of trophoblast cells during placentation by sequestering IGFs, and abundance of IGFBP-1 at the maternal-fetal interface therefore inhibits trophoblast invasion (16, 38) . The decidua secretes IGFBP-1 in both non-and phosphorylated forms during pregnancy (17) , further fine tuning its control over IGF-I bioavailability via paracrine modulation (39) . Steroid hormones appear to play a key role in the control of IGF-I action at the maternal-fetal interface through changes of decidual IGFBP-1 phosphorylation and/or proteolysis (40, 41) .
With the use of multiple immunoassays (42) (43) (44) (45) (46) , a few (47-49) but not all studies (50) (51) (52) show that IUGR is associated with increased maternal circulating IGFBP-1. Here, we report that maternal plasma IGFBP-1 at delivery is increased in pregnancies complicated by IUGR, confirming some of the previous reports of an inverse association between IGFBP-1 concentrations in maternal plasma and birth weight (47) (48) (49) . Phosphorylation of maternal IGFBP-1 in relation to fetal growth has also been studied previously (46, 50, (53) (54) (55) but with mixed results. As a result of variable antibody recognition of IGFBP-1 isoforms, these studies used two separate immunoassays consisting of two different antibodies to determine the ratios of non-or low-to highly phosphorylated IGFBP-1 in each sample rather than direct quantitation of nonphosphorylated or phosphorylated IGFBP-1 isoforms (46, 50, (53) (54) (55) (56) . In the current study, we used highly specific, prevalidated, custom-made IGFBP-1 phosphosite-specific antibodies, which provided compelling evidence that IGFBP-1 phosphorylation at specific sites (Ser101, Ser119, and Ser169) in maternal plasma is associated with impaired fetal growth.
We used targeted MRM-MS as an independent quantitative approach to identify additional known or potential IGFBP-1 phosphorylation sites for which antibodies are not yet available. MRM-MS analysis indicated markedly increased phosphorylation at a site Ser174, which was hyperphosphorylated together with Ser169 in maternal plasma in IUGR. The significance of dually phosphorylated IGFBP-1 sites in this study remains to be fully established. However, we have previously demonstrated increased dual IGFBP-1 phosphorylation at Ser174 and Ser169 in HepG2 cells in response to inhibition of mTOR signaling or following hypoxia and that hyperphosphorylation of these two sites may increase IGF-I binding affinity (13) . Thus, it is possible that the increased dual (Ser174/Ser169) IGFBP-1 phosphorylation in plasma of mothers carrying an IUGR fetus may further decrease IGF-I bioavailability in the maternal compartment.
Based on our current findings, we suggest that increased IGFBP-1 phosphorylation in IUGR decidual cells occurs via activation of protein kinase CK2, which is a ubiquitous kinase known to phosphorylate multiple substrates (57) (58) (59) (60) . We used immunofluorescence to assess CK2 and IGFBP-1 expression and their coexpression in the AGA and IUGR decidua. Although CK2 expression was observed in several cell types of the placenta, CK2 expression, specifically in BPD, was greater in the IUGR placenta compared with AGA. Furthermore, with the use of a PLA, we show that the interaction of decidual IGFBP-1/CK2 protein was also much more pronounced in IUGR, consistent with the increased IGFBP-1 phosphorylation in the IUGR decidua. An important role for CK2 in mediating IGFBP-1 phosphorylation at Ser101, Ser119, and Ser169 is supported by previous mechanistic studies in HepG2 cells (14) and in decidualized HIESCs (22) using MRM-MS and CK2 activity assays.
Placental mTOR signaling has been reported to be inhibited in human IUGR (61) . The current study demonstrates that an increase in IGFBP-1 phosphorylation is associated with inhibition of mTOR and activation of AAR signaling and increased CK2 activity and expression in the decidua in human IUGR. We have previously reported a link between mTOR inhibition and increased CK2 activity in cultured HepG2 cells and primary baboon fetal hepatocytes (11) . Moreover, mTOR regulates fetal IGF-I bioavailability in response to hypoxia by modulating IGFBP-1 phosphorylation in HepG2 cells (13) . IGFBP-1 and CK2 are colocalized in HepG2 cells in situ, and hypoxia and rapamycin treatment led to markedly amplified PLA signals for IGFBP-1 and CK2 in HepG2 cells, which was corroborated by stable isotope labeling with MRM-MS analysis (15) . Collectively, these observations are consistent with the possibility that the IGFBP-1 hyperphosphorylation in the IUGR decidua is mechanistically linked to the observed inhibition of mTOR, activation of AAR, and increased CK2.
It is reasonable to assume some degree of hypoxia and limited nutrient availability in the decidua in placental insufficiency, and we recently reported that IGFBP-1 in in vitro-decidualized HIESC is hyperphosphorylated in response to hypoxia and/or nutrient deprivation (22) . As fetal development and growth are critically dependent on IGF bioavailability at the maternal-fetal interface and in the maternal circulation, regulation of decidual IGFBP-1 phosphorylation by mTOR and AAR signaling and CK2 activity may constitute an important molecular link between placental insufficiency and reduced fetal growth (Fig. 8) .
The finding of pronounced, increased phosphorylation of IGFBP-1 in the maternal circulation in first trimester in women who later delivered IUGR infants is consistent with the possibility that decidual nutrient sensing links limitation in nutrient and oxygen supply to IGFBP-1 hyperphosphorylation already early in pregnancy. This also suggests that these decidual responses precede the development of IUGR. Coinciding with uterine spiral artery remodeling, there is an increase in placental Po 2 between weeks 8 and 12 of gestation, believed to represent the establishment of an unimpeded uteroplacental blood flow into the intervillous space (62) , which likely also contributes to increased oxygenation and nutrition in the decidua in late first trimester.
Therefore, of interest, we observed marked hyperphosphorylation of maternal circulating IGFBP-1, believed to originate from the decidua, in mothers later delivering an IUGR infant using samples obtained before the full establishment of maternal placental blood flow. It may be speculated that these findings are consistent with the possibility that some degree of oxygen and nutrient deprivation exists in the decidua of IUGR pregnancies already before intervillous blood flow is fully established.
The identification of biomarkers for IUGR in early pregnancy could improve the clinical management of these patients by allowing early intervention, preventing some of the perinatal complications associated with this condition. None of the currently available biomarkers predict IUGR with sufficient sensitivity to be used in routine clinical practice (26) (27) (28) . Our findings suggest the possibility that maternal IGFBP-1 phosphorylation at Ser101, Ser119, and Ser169, individually or dually at Ser174 and Ser169 or in combination, constitutes a sensitive early pregnancy biomarker for IUGR. In conclusion, our data suggest that the decidua links limited oxygen and nutrient availability to increased secretion and phosphorylation of IGFBP-1, mediated by mTOR and AAR signaling, resulting in decreased IGF-I availability and reduced fetal growth. Hyperphosphorylation of maternal IGFBP-1 may serve as an early biomarker of IUGR.
